AC ES VC AC VC * ES AC FIGURE 3 Low power electron micrograph of arterial (C) and venous (VC) capillaries of a rete perfused only with im.tmolar medium. P -pericytes; ES -extracellular space (7,500x).
SUMMARY Capillary permeability estimates from osmotic transient experiments generally have been found to be higher than those obtained from tracer experiments. The question which arises is whether hyperosmolar infusions affect capillary permeability. This was investigated in the rete mirabile of the eel, an organ made up of alternately disposed arterial and venous capillaries. Permeabilities were determined from the steady arterial to venous capillary transfer of labeled albumin and labeled urea (large and small molecules traversing a pathway of limited area) and labeled water (which traverses the whole surface) during countercurrent perfusion with Krebs-Ringer bicarbonate buffer containing bovine serum albumin, both with and without the addition of 350 mOsm/liter sucrose. During bipolar hyperosmolar perfueion, the permeability to labeled albumin and urea increased by two-thirds, and that to labeled water decreased by one-third. Hyperosmolar perfusion of arteriolar vessels only resulted in even larger increases in solute permeabilities. Ultrastructural examination complemented by morphometry showed that, with bipolar hyperosmolar perfusion, the volumes of arterial and venous capillary endothelial cells and pericytes decreased, and that extracapillary intercellular edema accumulated; and that the volume density of the vesicular and tubular system in the arterial capillary endothelial cells, the principal barrier in the system, was increased by two-thirds. The protein A-gold method demonstrated that albumin molecules localized predominantly to the vesicular and tubular system of the arterial endothelial cells and not particularly to the intercellular junctions. The functional data indicate that, in these experiments, the hyperosmolar perfusion increased capillary permeability and the morphological data suggest that the parallel increase in the volumes of the vesicular and tubular system in some fashion mediated the increase in permeability. Circ Res 49: [661] [662] [663] [664] [665] [666] [667] [668] [669] [670] [671] [672] [673] [674] [675] [676] 1981 KNOWLEDGE of the exchange processes in capillaries stems from the use of various techniques, each of which has advantages and limitations (Crone, 1970) . The two dominant approaches to the measurement of capillary permeability in various organs have been the osmotic transient technique and kinetic tracer analysis in the steady state. A generally systematic disagreement between the permeability values obtained by the two methods has emerged: those estimated from osmotic transient data are generally higher than those secured from tracer studies, by a factor of two or more (Crone, 1970) . The isogravimetric osmotic step infusion method was introduced by Pappenheimer and his colleagues (1949, 1951) to gain information concerning the resistance of the capillary wall to the transfer of a group of lipid-insoluble molecules. In this approach, test molecules (salt, urea, sucrose, glucose, etc.) were added suddenly to the blood flowing into the isolated hindlimb of a dog in concentrations sufficient to provoke osmotic flow from interstitial fluid to blood. In the experiment, the mean capillary pressure was raised simultaneously by increasing venous pressure in such a way that weight change was prevented. It was thought that no osmotic flow then occurred in response to the transient. The response to the venous pressure adjustment was so rapid that it was possible to continuously measure the pressure required to keep the preparation isogravimetric during the time course of solute equilibration. Axteriovenous concentration differences provided net osmotic solute flux measurements and the pressure increment, an index of the increment in mean transmural osmotic pressure. In the initial analyses carried out on these data, it was assumed that both water and solute passed through "pores" in the wall of the capillary, and that the procedures used to carry out the measurement did not substantially modify the properties of the capillary being examined. The major conclusions were precedent setting, that the proportion of the capillary wall available for exchange was exceedingly small and that, over a wide range of solutes, there appeared to be a sieving effect (Landis and Pappenheimer, 1963) . In the years that followed, the reflection coefficient was introduced to quantify how barrier penetration by the solute modified osmotic effects (Vargas and Johnson, 1964; Pappenheimer, 1970) . It was recognized that, whereas solute and water are transferred across the "pores" in the membrane, presumed to exist chiefly between endothelial cells, water would also be extracted directly from tissue, across the endothelial cells, by osmotic stress (Lifson, 1970; Tosteson, 1970) so that the isogravimetric state might be, in part, a pseudo equilibrium. The potential effects of osmotic stress on the measured parameters (and especially on the permeability) have not been considered in a systematic fashion.
Tracer kinetic methods have also been used to measure the capillary permeability in skeletal muscle, the major component of the hindlimb. Both the initial fractional extraction of tracers in single-injection multiple-indicator dilution studies (Crone, 1963; Yudilevich et al., 1968; Trap-Jensen and Lassen, 1970) and the analysis of tissue-to-blood return of tracer (Garlick, 1970) have yielded permeability values lower than those reported by Pappenheimer. Furthermore, the data do not provide unequivocal support for the presence of restricted diffusion. Since the single injection tracer studies have been carried out in a fashion which does not alter the micro circulation, the estimates obtained with this technique should be quite realistic, provided that adequate provision is made to account not only for the throughput, but also for the returning components of the outflow dilution curves of penetrating tracers (Goresky et al., 1970; Bassingthwaighte, 1974; Rose et al., 1977) . Failure to account for the return of tracer undoubtedly has resulted in some underestimates of the extraction of tracer and hence of permeability in early studies, but nevertheless it appears that the permeability estimates from tracer studies are lower than those derived from osmotic studies.
Much remains to be learned before the relations between forces and fluxes, and events in tissue, can finally be knitted together into a completely described whole, and before the relations between bulk and tracer transients are completely understood. We have in the past examined the rete mirabile of the swimbladder of the St. Lawrence River eel, a countercurrent organ composed completely of alternately disposed arterial and venous capillaries, and have found it possible to measure directly the permeability of the intercapillary barrier to a variety of water-soluble molecules and oxygen, by utilizing arterial and venous concentration differences under controlled steady state conditions (Rasio et al., 1977; Rasio and Goresky, 1979) . It seemed to us that, with its baseline behavior established, this preparation was ideal for approaching the steady state effects of hyperoncotic perfusion at two levels, the functional and the morphological. At the functional level, although we thought it unlikely that we would be able to account for the systematic difference between permeability estimates arising from osmotic transient and tracer experiments, it seemed likely that we would be able to discern whether some of the difference was created by the differing experimental protocols, whether hyperosmotic exposure increases capillary permeability. We therefore measured the steady state capillary permeability of the rete to labeled urea, labeled albumin, and labeled water, both before and during hyperosmolar infusion, either in both arterial and venous circuits or in the arterial circuit alone. Bassingthwaighte et al. (1979) had previously found that, with transient sucrose osmotic challenges of 10 to 30 mOsm, tracer sucrose permeability increased on the average, but not enough so that the increase was statistically significant. We therefore chose to use a much larger sucrose osmotic challenge for our studies, in the expectation that, if a permeability effect were present, we would be able to document it in a clearly discernible fashion. At the same time, the morphology of the perfused rete was examined. From the point of view of the tissue, it is appropriate to note that Grabowski and Bassingthwaighte (1976) suggested, in their analysis of events occurring in a sucrose weight transient, that initial fluid extraction from the interstitial space would be succeeded by the transfer of fluid into the interstitial space with sucrose and abstraction of fluid from cells by the non-penetrating sucrose, and that lack of consideration of events at this level would lead to a substantial overestimate of permeability values. The projected long-term response would be one of shrunken cells and interstitial edema. We therefore carried out a morphometric analysis on the rete perfused in bipolar fashion with hyperosmotic solutions in the expectation that systematic steady state morphological changes, if present, would be detectable and that, if systematic changes were present in the endothelial cells, a correlation with function might be possible if any changes in permeability were found.
Methods
The rete mirabile preparation was isolated from the swimbladder of the eel, as described previously (Rasio et al., 1977) . Arterial and venous inputs were catheterized and the capillary net was countercurrent perfused at room temperature (22-25°C) with a constant flow averaging 0.65 ml/min at a pressure of 45 cm H 2 O. The average weight of the rete was approximately 150 mg. The medium was a Krebs-Ringer (290 mOsm/liter) bicarbonate buffer (pH 7.4) containing glucose, 5 mM, and purified bovine albumin, 4 g/100 ml. Tracer amounts of human albumin[ 12fl I] (Frosst; more than 95% of the labeled iodine was precipitated with 10% trichloroacetic acid), urea[ u C] (New England Nuclear; crystalline solid, 2-10 mCi/mmole; mol. wt. 60.1), and tritiumlabeled water (New England Nuclear; biological quality, 0.25 mCi/g; mol wt. 20), were added to the medium at the arterial input. The medium infused at the venous input did not contain radioactive compounds. Each rete was perfused for a 1-hour control period.
In a first series of nine experiments, both arterial and venous inputs were switched, at the end of the hour, to a medium of the same composition, with the exception that its osmolality had been raised from 290 to 650 mOsm/liter by the addition of sucrose. In a second series of 13 experiments, after a 1-hour control period, only the arterial input was changed to the medium with the 650 mOsm/liter composition. The flows at arterial and venous outputs remained stable and similar to those observed during the control period of perfusion. Samples of the media were collected simultaneously from the arterial and venous outputs at 10-minute intervals throughout the perfusions. The radioactivity of albumin[ 125 I] in the samples was measured in a trichloroacetic acid precipitate, with a Packard y scintillation spectrometer. The radioactivity of urea[ M C] and tritiated water in the protein-free supernatant was measured in Aquasol with a Packard liquid scintillation spectrometer. Medium sodium and potassium values at inflow and outflow were measured, and sucrose concentrations were determined from the medium osmolarity and electrolyte concentrations.
The tracer concentrations were averaged at each output from 10 to 60 minutes, during each of the two consecutive perfusions. Steady state conditions were attained in all experiments. Summed recoveries of labeled molecules and sucrose at the arterial and venous outputs were within the range from 98 to 102% of the corresponding arterial input. The permeability of the rete capillaries prior to and during the perfusion with sucrose was calculated from the steady state equation, PS = (F-Vou./A^,), where P is the coefficient of permeability, S the surface area, F the flow, and V oul and A om the concentrations at the venous and arterial outputs (Rasio et al., 1977) . In previous experiments, we had estimated that the surface available for capillary exchange was equivalent to 1 cm 2 /mg wet weight. In the present study, where steady perfusion with hyperosmolar solutions was being carried out, we thought that the wet weight of the rete at the end of the perfusion might be increased by sucrose accumulation and swelling in the interstitial space. Use of the wet weight would then lead to overestimation of the area and underestimation of the permeability coefficient. We therefore calculated the diffusion capacity PS of the rete, reasoning that it would describe more accurately any permeability changes induced within the rete by an hyperosmolar infusion.
Each eel has two symmetric retia of the same size. At the end of each hypertonic experiment, a fragment of the experimental rete and one of the contralateral control rete (perfused with isotonic medium for 40 minutes) were fixed by immersion in glutaraldehyde fixative solution and examined under the electron microscope. The methods utilized were those described previously (Bendayan et al., 1975; Rasio et al., 1977) .
Eight sets of rete were examined after the bipolar hypertonic infusions, and morphometrical analysis was carried out. In order to evaluate the volume density occupied by each type of capillary and that of the extracellular space and the pericytes, six micrographs, each including two to three capillary profiles, were taken from each experimental and control rete, at a primary magnification of 2,000. Each film negative was then projected on the analysis lattice, at a final magnification of 11,000. The volume density of the arterial endothelial cells, the arterial capillary lumen, the venous endothelial cells, the venous capillary lumen, the extracellular space, and the pericytes was estimated by the pointcounting method and analyzed by use of the principles described by Weibel (1969) . Then, to evaluate the volume density of the arterial capillary vesicular or tubular system, 10 micrographs of the arterial endothelial cells were taken from each sample, at a primary magnification of 13,000, and point counting was carried out at a final magnification of 70,000. All measurements were performed blindly, in random sequence, with a modular system for quantitative digital image analysis (MOP-3, Carl Zeiss, Inc.).
The protein A-gold immunocytochemical technique (Roth et al., 1978; Bendayan et al., 1980) was used for the ultrast.ru ctural localization of the bovine serum albumin molecules in the capillary tissue. The details of the use of this technique in the morphological study of vascular permeability are given by Bendayan (1980) . Finally, fragments from either end of the unipolar perfused rete were also fixed and examined with the electron microscope. The changes present at the two ends were compared.
Results
The lefthand panel of Figure 1 illustrates a typical experiment in which, after a 1-hour control perfusion, an osmotic stress was applied to the capillary barrier by raising the medium osmolality at both arterial and venous inputs to 650 mOsm/ liter. Changes in the steady state outflow concentrations opposite in sign were found for the two labeled solutes and the labeled water. On the one hand, the concentrations of labeled albumin and urea were decreased at the arterial output and increased at the venous output and, on the other hand, an opposite phenomenon was observed for tritiated water. Table 1 gives the average values of the permeability surface product (PS) of the rete intercapillary barrier during nine such experiments. The average PS values were increased for labeled albumin (P < 0.025) and urea (P < 0.01) during the bipolar hyperosmolar perfusion, whereas the PS values for tritiated water were diminished {P < 0.05). The osmolalities and the sodium and potassium concentrations in the two outflow profiles were identical.
The right hand panel of Figure 1 shows the results of a typical experiment in which, after a 1hour control perfusion, the osmolality of the medium at the arterial input was raised to 650 mOsm/ liter. The concentration profiles of the tracers at the outputs were modified in a fashion similar to that described during the bipolar hyperosmolar perfusion, but the changes were quantitatively more marked. The sucrose in the hypertonic arterial perfusate also traversed the capillary barrier. The outflow time concentration profile corresponding to this passage is also shown in the figure. The average PS values for 13 experiments are shown in Table 2 : the unipolar hyperosmolar perfusion raised the PS values for labeled albumin and urea significantly (P < 0.005) and reduced the PS value for tritiated water (P < 0.025). The rete PS product for sucrose was calculated from measurements of medium osmolality and sodium concentrations at the arterial and venous outputs. The osmolality measurements averaged 605 ± 16 mOsm/liter at the arterial output and 345 ± 5 mOsm/liter at the venous output. Concurrent average measurements of buffer Na + concentrations were 140 ± 2 meq/liter at the arterial and venous input, 136 ± 2 mEq/liter at the arterial output and 144 ± 3 mEq/liter at the venous output; and of K + concentrations, 5.0 ±0.1 mEq/ liter at the arterial and venous input, 4.8 ± 0.1 mEq/liter at the arterial output, and 5.2 ±0.1 mEq/ liter at the venous output. The hyperosmotic infusion increased the permeability of the capillary barrier to the solutes thought to penetrate through water-filled channels (labeled albumin and urea) but decreased that of labeled water, which would be expected to penetrate the whole of the capillary surface. Even more surprising is the finding that the effect was more marked with the unipolar perfusion than with the bipolar perfusion. The proportional increases in the permeabilities to labeled albumin and urea were even larger with the unipolar than with the bipolar perfusion although the proportional decrease in the permeability to labeled water was approximately the same.
It is appropriate to utilize the data acquired in these studies to examine the differences between the two sets of experiments. In the bipolar hypertonic infusions, there is no differential movement of water and, once the hypertonic infusions have begun, we would expect that the preparation as a whole would have lost water until it was everywhere in equilibrium with the 650 mEq/liter infusion solutions. In the unipolar hypertonic infusion, a very different situation is found, in the steady state (and it is important to note that after the first few minutes there is no progressive change with time). The osmolality of the medium in the arterial capillaries decreases from 650 to 605 mOsm/liter, and that in the venous circuit rises in the opposite direction, from 290 to 345 mOsm/liter. In the arterial circuit, the average total electrolyte concentration decreased from 290 to 280 mEq/liter, whereas, in the venous circuit, the average total electrolyte concentration increased from 290 to 298 mEq/liter. The decrease in the average unlabeled sucrose concentration in the arterial circuit, from input to output, was 45 mEq/liter, and the converse increase in the venous circuit, 47 mEq/liter. Our previous analysis of the countercurrent perfused rete (Rasio et al., 1977) indicates that parallel linear concentra- tion profiles will be present in the arterial and venous capillaries, and the present data indicates that there is a constant net average osmolality difference across the barrier of 310 mOsm/liter, which presumably operates chiefly across the continuous endothelial surface of the arterial capillaries. Net water movement has occurred in response to this osmotic force, as manifested by the dilution of electrolyte at the output end of the arterial capillaries and the concentration of electrolyte at the output of the venous capillaries. Despite this, the flows in the two circuits, as judged by outflow volumetric measurements, remained the same.
In Figure 2 , the PS values for each molecule are plotted (on a log-log scale) against their respective diffusion coefficients. We have previously shown that there is a linear relation between these two parameters for molecules ranging in size from albumin to urea, with a sharp upward deviation from the line for labeled water (Rasio et al., 1977) . The data acquired in the control situation in the present experiment correspond to our previous findings. We have interpreted the upward deviation for labeled water to indicate that this molecule penetrates the whole endothelial surface as well as traversing the water-filled pores available to other substances. In the bipolar hyperosmotic case (the lefthand panel of Fig. 2) , the PS line joining albumin and urea is situated at a higher level, and the PS value for water is decreased, so that the deviation for water from the linear part of the relations is less sharp. In the unipolar hyperosmotic case (the righthand panel of Fig. 2) , the PS line joining albumin and urea is higher still, the value for water is again lower, and the whole relation becomes almost colinear. The effect of the hyperosmolar stimulus has been to increase the permeability of those substances expected to permeate through water-filled channels, and to decrease that of labeled water, which is expected to penetrate both these channels and the whole of the endothelial surface.
The morphological correlates of this set of responses are of great interest. Under control conditions (after perfusion with isosmolar solutions for 2 hours) the arterial capillary endothelium is high and relatively thick in appearance and its cytoplasm contains a well-developed tubular system (Fig. 3) . The intercapillary extracellular space is small. The general structure of the rete capillaries is preserved and the interendothelial cell junctions remain tight. After the bipolar hyperosmolar perfusion, significant morphological changes are found. The arterial capillary endothelial cells are flattened against the basal laminae and the extracellular space is very edematous (Fig. 4) . The pericytes in the extracellular space also shrink and a few vacuolar blebs are found at the luminal surfaces of both sets of capillaries. At higher magnification, the nuclear chroma tin of the endothelial cells and pericytes is condensed and bundles of microtubules surround the nuclear envelope (Fig. 5) . With the shrinkage of the endothelial cells, an increase is found in the density of the vesicles in the arterial capillary endothelial cells (compare Figs. 6 and 7) . No major evidence of degeneration is present (there is no cell degeneration, no lysosomal proliferation, and there are no pycnotic nuclei). Intercellular junctions remain intact.
Morphometric analysis confirmed the qualitative observations (see Table 3 ). Significant decreases in the volume density of the arterial endothelial cells, venous endothelial cells, and pericytes were documented, and significant increases in the intercapillary extracellular space and arterial and venous capillary lumina were found.
The average density of the vesicular system in the arterial endothelial cells (Table 4 ) increased significantly, from 10.42 to 17.92% (P < 0.0005). Concurrently, the volume density of the endothelial cells decreased from 22.63 to 17.37%. The increase in vesicular density is larger than would be accounted for by shrinkage in non-vesicular cytoplasm. There is an absolute increase in vesicular volume, of the order of 30%.
The labeling obtained by applying the protein Agold technique shows the bovine albumin molecules to be present in the lumina of the capillaries and in the extracellular space between the capillaries (Fig.  8) . At the level of the arterial capillary endothelium, the major barrier in the system, gold particles are found to be confined to the vesicles and tubules. Very few are found in relation to the intercellular junctions. A quantitative evaluation of the intensity of labeling over the arterial endothelium in the control case shows that 57.1 ± 2.8% of the gold particles are present over recognizable vesicular and tubular entities (which constitute 10% of the cellular volume), whereas only 3.1 ± 0.4% are found over the junctional area. Over the nucleus, which constitutes 25-30% of the volume of the cell, 5.2 ± 1.1% of the activity is found. The remaining gold particles lay over cytoplasmic areas and were not associated with clearly defined structures.
During the unipolar hyperosmolar infusion, the physiological data indicate that there is a gradient along the rete from one end to the other, as well as a relatively constant net osmolality difference across the capillary barrier, presumably chiefly across the arterial capillary endothelial cells. Morphological changes in this situation cannot easily be assessed morphometrically because a continuity will exist from the more severe to the less severe. In order to evaluate the morphological changes, the two ends of the rete were examined, the arterial capillary input end ( Fig. 9 ) and the arterial capillary output end (Fig. 10) . At the arterial capillary input end, the morphological changes were even more exaggerated than with the bipolar hyperosmolar perfusion. Large vacuoles are evident at the luminal surface of the arterial capillary endothelial cells and the cells are shrunken. Nuclear changes similar to those found in the bipolar hyperosmolar perfusion are present and there is massive swelling of the extracellular space between the capillaries (Fig. 9) . At the arterial capillary output end, where the osmolar deviation is smallest, vacuoles were still found to be present in the arterial capillary endothelial cells; nuclear changes were less evident; and changes in the extracellular space were less marked. Again, there was no evidence of cell degeneration at either end and the capillary intercellular junctions remained tight.
Discussion
The data from the present experiments show that, under the influence of a large steady osmotic challenge, the permeability of the capillary barrier Volume densit\ of vesicular and tubular system I'trfusion Control Bipolar hyperosmolar 10.42 ± 0 71 17.92 ± 0 99 of the rete to a set of solutes usually assumed to traverse the barrier in water-filled channels is increased, and the permeability to labeled water is diminished. Since the methodology for the determination of permeability is, apart from the assumption of a common surface area in both experimental runs, approximation free (Rasio et al., 1977) , the changes in permeability can undoubtedly be regarded as real. In the bipolar perfusion studies reported above, the permeability to labeled albumin was increased by a factor of 1.6, and that to labeled urea, by 1.7; and in the unipolar perfusion studies, the permeability increases were even larger (3.2 and 2.3, respectively). From these data, one could hypothesize that when a hypertonic stress is imposed on the capillary endothelium (particularly the arterial capillary endothelium, which is likely to be the major barrier), the capillary permeability to solutes not penetrating endothelial cells must increase by virtue of an increase in the number and perhaps size of the water-filled channels transmitting these solutes. Changes in a fiber matrix in existing pathways (Curry, 1980) could account for the observations only if large new pathways appeared in the matrix.
If the increase in the permeability of solutes during hyperosmolar infusion demonstrated above is also present when the osmotic stress is lower, as the report of Bassingthwaighte et al. (1974) suggests, and if the change is proportional to the osmolality change, then challenges of the order of 50 mOsm would be expected to change permeabilities by values of the order of 10%. The contribution of such a projected increase in permeability during osmotic transient experiments carried out with osmotic stresses of the order of 5 mOsm is small, in relation to the apparent divergence between permeability values determined from osmotic challenge experiments calculated in the ordinary fashion and those from tracer measurements, and cannot be regarded as a major factor in explaining this difference. In formulating this discussion we have, of course, assumed that differences in species and tissue could be neglected. The possibility exists that, in capillary systems with more flattened en-FIGURE 6 Arterial capillary (AC) from a control experiment. The vesicular or tubular system (t) is well developed in these cells. Intercellular function (J), pericyte (P), basal lamina (BL) (31, 00Oxi) . In circle (60,000x). FICURE 7 Arterial capillary from a bipolar hyperosmolar perfusion. The vesicular-tubular system (t) occupies a large proportion nf the endothelial cell cytoplasm. Intercellular junction (J), nucleus (N), pericyte (P), basal lamina (BL) (32, 00Ox) . Inset: Bundles of microlubules are also evident in the endothelial cell cytoplasm (arrows) (37,00&x). VOL. 49, No. 3, SEPTEMBER 1981 > " I * r* . . . .
Col
Capillary wall from a bipolar hyperosmolar experiment. Thm sections of glutaraklehyde-fixed, nanosmified capillary tissue were incubated with antihovine serum albumin, and the resulting antibody antigen complexes were visualized by following the reaction with protein A-gold. The lumina of the capillaries (AC) and the extracellular space (ES) appear densely labeled with gold particles. In the endothelial cell cytoplasm, the gold particles are seen over the vesicular and tubular system (some are indicated by arrows). No particle is present in close relation with the intercellular junction (J). Pencyte (P), nucleus (N), collagen fibers (Col) (41,000x) .
dothelia, the permeability increment induced by hyperosmolar perfusion for substances like urea and albumin might be larger. The morphometric analysis of the data acquired during steady state hyperosmolar sucrose perfusion documents both shrinking of cells and the presence of interstitial edema. The changes are substantial and are of an order such that it is clear that one would expect similar phenomena to occur during osmotic transient. Analyses of experimental data which neglect these phenomena will be expected to overestimate permeabilities (Grabowski and Bassingthwaighte, 1976) . The magnitude of the effect remains to be appraised, at the experimental level. The changes in the endothelial cells are also substantial and it is appropriate to focus on them.
We previously reported (Rasio et al., 1977; Rasio and Goresky, 1979 ) that, when the rete is countercurrent perfused with an isotonic medium, there is a linear relationship between permeability and dif-ES AC VC FIGURE 9 Capillary tissue from the arterial input pole in a unipolar hyperosmolar perfusion. Large vacuoles are present in the arterial capillary endothelial cells (AC). The extracellular space (ES) appears extremely swollen (6,000x) . FIGURE 10 The same rete as in Figure 9 , at the arterial output pole. The vacuoles in the arterial capillary endothelial cells (AC) are still present but are reduced in size. The extracellular apace (ES) is not obviously swollen and corresponds more closely to that of the controls. The nuclei show less condensation of the chromatin (6,000x) .
CIRCUI.ATION RESEARCH VOL. 49, No. 3, SEPTEMBER 1981 fusion coefficients for water-soluble molecules ranging in size from albumin to urea, and that for water and oxygen, the coefficient of permeability is higher than expected on the basis of this relation, even though their penetration is barrier limited. In the present study, during control perfusions, the same typical break in the locus is observed for water when the permeability surface product is plotted on a log-log scale against the diffusion coefficient. When either bipolar or unipolar perfusion with hypertonic sucrose was carried out, the labeled water PS product was decreased by 30%. In the bipolar case, the sucrose solution would have been expected to dehydrate all cells, to more double their intracellular protein concentration. With this, the viscosity of the cellular contents would be expected to be increased substantially and the diffusion coefficient for labeled water substantially decreased (Redwood et al., 1974) , both within the cells and, more importantly, perhaps, in the cell membrane. In the unipolar case, the viscosity change will be greatest at the hypertonic input end and wil] diminish toward the output while, simultaneously, the capillary barrier is supporting a net average osmolality difference at each point along the length. This steady state osmolality difference is particularly striking in view of the finding by Effros (1974) that osmotic extraction of tissue water from the lung is so rapid that it occurs concomitantly with the passage of a hypertonic bolus. The countercurrent flow has created a unique situation in which, in contrast to the lung study, a large osmolality difference is supported across the intercapillary barrier, presumably chiefly across the arterial capillary endothelium. A very asymmetric set of conditions has been created, in which major differential forces come into focus across these cells. The ability of the endothelium to withstand both dehydration and these forces (in the sense of not responding with major barrier disruption) contrasts sharply with the continuous tight capillary endothelium of the brain. The latter characteristically undergoes more massive disruption under osmotic stress, with morphologically apparent widening of capillary interendothelial cell tight junctions occurring as a concomitant of the endothelial cell dehydration (Thompson, 1970; Rapaport, 1970; Rapaport, 1976; Rapaport et al., 1980) .
The divergent effects of hyperosmolarity on the permeability of the solutes albumin and urea, on the one hand, and on that of solvent water, on the other, strengthen the hypothesis that there are at least two pathways for diffusion, that available to both solutes and water, and another, utilized by water and not by solutes. The question emerging from the physiological data is: are there structural correlates to these functional parameters and do they vary in such a manner that they help to explain the observations?
Much of the past effort in the morphological area has been directed at finding a projected hypothetical equivalent pore, the prediction of which has come from osmotic weight transient studies implying the presence of increasing restriction on diffusional loss for larger molecules. In the rete, our tracer studies have indicated that there is no such evidence of increasing restriction (in comparison to diffusion coefficients), and the implication ia that the expected "pore size" will be large rather than small. The hypotheses emerging from ultrastructural studies of capillaries have evolved from the original position advanced by Karnovsky (1967) that solutes penetrate the capillary wall via interendothelial zones of contact to consideration of a role for vesicular transport mechanisms. Vesicles in the endothelial cells have been proposed to communicate with the surface, to break off, to move across the cell by diffusion, and, finally, open at the other surface (Bruns and Palade, 1968a, 1968b; Casley-Smith, 1969) , or to fuse and form chains which function as transendothelial cell channels (Simionescu et al., 1975 (Simionescu et al., , 1978 . Bundgaard et al. (1979) have found that, after fixation, cytoplasmic endothelial vesicles communicate with the surface, racemose figures filling with tracer, apparently by virtue of a common central channel communicating with groups of vesicles, but that transendothelial channels cannot be detected in the fixed state. The hypothesis advanced by the authors on the basis of these data is that cytoplasmic vesicles in endothelial cells are elements of branching permanent or semipermanent invaginations of the plasmalemma. They question whether the pathway serves for the transendothelial passage of solutes. The potential for communication between the two sides of the membrane via this pathway remains, however, if the branching systems originating from the two sides of the membrane fuse or intermittently join, or if vesicles break off from the system and move, in vivo.
In the rete, the major intercapillary barrier, the rete arterial endothelial cell surface, has a characteristic morphology in which the interendothelial cell junctions are tight, and the endothelial cell is occupied by a vesicular and tubular system. The vesicular-tubular system consists of membrane invaginating deeply into the cytoplasm from the luminal and basal surfaces. The contents of this tubular system, while located within the cell, are potentially extracytoplasmic, because of the surface communications (Bendayan et al., 1975 (Bendayan et al., ,1976 . After hyperosmotic stress, no evident change is found in the arterial capillary interendothelial cell junctions, but the absolute density of the intraenriothelial cell tubular system is increased. At the same time, the arterial endothelial cells are flattened and the tubular system originating at either surface is brought into approximation with that originating from the other. The localization of the bovine albumin molecules by the protein A-gold method predominantly over the tubules and vesicles (this study and Bendayan, 1980) suggests that these structural elements, rather than the interendothelial cell junctions, may be predominantly involved in the transfer of larger solutes across the arterial capillary endothelial cells of the rete. The increased solute transport found after hyperosmotic exposure parallels the marked increment in vesicular structures, and this parallelism provides further support for the hypothesis that transendothelial cell solute transport is mediated via these channels. The continuity of membrane between the vesicular and tubular plasmalemmal system and the cell surface provides an explanation for the lack of stress at rete arterial capillary interendothelial cell junctions during osmotic shrinkage; and the lack of this extra membrane in cerebral capillary endothelium appears to underly the interendothelial cell disruption occurring in that system with osmotic challenge.
Changes in endothelial cell vesicle density are not unique to the rete. Increases in vesicle density in the capillary endothelial cells of the lungs have also been documented in both high pressure and oncotic pulmonary edema Berendsen, 1978, 1979) . Chinard (1980) has suggested, from these observations, that an intracellular pressure lower than that outside the cell may be the initiating event in new vesicle formation.
The problem presented by the decreased permeability to labeled water after hyperosmolar dehydration is even more difficult. Although increase in intracellular viscosity will contribute to the phenomenon, the question which arises is that of how dehydration will affect cell membrane permeability (and, from this, what the ordinary state of hydration of the cell membranes is and how it has changed). We have not been able to find any biological data bearing on this question.
